MATERIALS AND METHODS
Thirty-one patients with uncomplicated transposition of the pulmonary veins admitted to the Children's Medical Center in Boston, were studied clinically, with complete history, physical exam- inations, x-ray and fluoroseopie examinations, and 12-lead electrocardiograms. The diagnosis was confirmed in each instance by cardiac catheterization, surgery, or autopsy. The technics used in our cardiac catheterization laboratory have been described in previous publications. ' COMPLETE TRANSPOSITION OF THE PULMONARY VEINS Definition Drainage of the entire systemic and pulmonary return into the right heart is the major abnormality in complete transposition of the pulmonary veins. An atrial septal defect or a patent foramen ovale is necessary for any systemic output, and is therefore an integral part of the lesion. Following Brody's These investigations have been supported by grants from the American Heart Association and from the National Heart Institute of the U. S. Department of Health, Education and Welfare.
Presented, in part, at the Second World Congress of Cardiology, Washington, D.C., September 12, 1954 Certain other anatomic considerations are of surgical importance. The anomalous veins, with great consistency, form a relatively large common channel prior to joining the systemic veins except when they join the right atrium directly. In the latter group approximately one third join the right atrium by multiple channels, but more than one half empty into an ante-chamber, described by Kirchmair and Blum,14 which is, from the surgeon 's point of view, conveniently located on the posterosuperior wall of the right atrium, to the left of the superior vena cava and inferior vena cava, and superior to the coronary sinus and the atrioventricular conduction system.
Finally the entire left heart is relatively hypoplastic; and, as Keith pointed out,15 the circumference of the common pulmonary vein frequently exceeds that of the waist of the left atrial appendage, a formidable disadvantage in attempting surgical correction of this condition. Physiology
Complete transposition of the pulmonary veins is a serious anomaly, profoundly altering the normal circulatory pattern. In this anomaly, the right atrium receives the entire systemic and pulmonary venous return, and supplies the left heart through a patent foramen ovale or an atrial septal defect. As in other types of congenital heart disease with complete mixing, the systemic arterial saturation will depend entirely on the ratio of pulmonary to systemic flow, at a given oxygen consumption.* However, as various investigators have pointed out, 8' 16 mixing at the atrial level may not be complete. The systemic arterial saturation is often slightly less than that of the pulmonary artery; this difference is attributed by the Mayo group16 to preferential shunting of the inferior vena caval blood through the interatrial communication. This type of preferential shunting has a precedent in fetal circulation. '7 18 Occasionally, the pulmonary artery oxygen saturation is lower than that of the systemic artery, perhaps due to preferential flow of blood from the coronary sinus or superior vena cava across the tricuspid valve into the right ventricle.
Although the resting systemic output of these patients is usually normal or only slightly reduced, increasing output 3 or 4-fold (as with moderately severe exercise) would require a corresponding increase in pulmonary blood flow, if the systemic arterial saturation were maintained. With a resting heart rate greater than average and a right ventricular stroke volume 2 to 3 times that of the left, the required pulmonary blood flow would be almost impossible to achieve. Evidence of the resultant limitation of cardiac output is the almost universal history of easy fatigability and the autopsy finding of a hypoplastic left heart.
Although the majority of patients with complete transposition of the pulmonary veins die in infancy or early childhood, a few survive into adulthood with remarkably few symptoms. How this group maintains a compensated cardiovascular system in the face of such profound disorder has never been explained satisfactorily. Our patients ranged in age from 10 days to 19 years with an average age of 5 years; 10 of them were less than 6 months old. The group draining below the diaphragm was unique in that none survived more than 7 weeks and 2 survived only 10 days. None of the others died at less than 7 weeks of age.
The incidence of males in the entire group was the same as females; in the infradiaphragmatic group, all 4 patients were males.
The interatrial communication in the 12 autopsied cases was a patent foramen ovale in 10 instances, and an atrial septal defect in 2 (1 ostium primum and 1 ostium secundum). The size of the interatrial opening in our autopsied cases had no correlation with longevity or degree of unsaturation when taken in relation to the circumference of the mitral valve (table 2) . Previous reports attributing prognostic importance to the size of this opening failed to correlate it with the over-all heart size.
Similarly, the presence and size of a patent ductus arteriosus had no correlation with longevity in our patients. Eight of the 12 autopsied cases had patent ducti, probepatent in 5, moderate sized in 1, and large in 2. Mild pulmonary vascular obstruction was found in 5 autopsied patients, and moderate obstruction in 4 the autopsied group surviving the longest had no obstructive changes, there was no correlation, in the other 9 patients, of age at death with severity of medial hypertrophy and intimal hyperplasia of the pulmonary arteries. history There was no family history of congenital heart disease in any of our 20 patients. In 4 instances, however, there were difficulties in the first trimester of pregnancy; 2 "viral" respiratory infections, 1 threatened abortion, and 1 instance of severe malnutrition.
The symptoms presented by these patients were nonspecific; mild cyanosis, fatigability, dyspnea, and increased frequency and severity of respiratory infections were almost universal complaints. The onset of cyanosis varied from birth to 12 years of age. Squatting and "anoxic" spells were relatively uncommon, occurring in one fifth of the patients.
Physical Examination
The findings at physical examination were more specific, in certain instances, than were the histories of these patients. The ple the figure-eight pattern described by Snellen and Albers23 ( fig. 3 ). The upper half of the 8 is formed by a remnant of the left superior vena cava, as it ascends to join the left innominate, and the right superior vena cava emptying caudally into the right atrium. This venous structure will pulsate, if at all, in an " acvp" pattern, whereas the pulmonary artery will expand synchronously with ventricular systole. The thymus, in the upper, anterior mediastinal area, does not pulsate intrinsically at all. A wide superior mediastinal pattern also may be produced by a true, persistent left superior vena cava without pulmonary venous anomaly, as it de- scends to drain into the coronary sinus; this group lacks, however, the rounded upper margin characteristic of the figure-eight, and the patients are not ordinarily cyanotic. The full-blown figure-eight pattern is not usually found in infancy. The youngest patient in our series with this contour was 4 years old, although in every case over the age of 3 months, widening of the superior mediastinum was definite.
The group with drainage below the diaphragm also presents a pathognomonic roentgenologic picture of moderate to marked pulmonary vascular engorgement and congestion with a normal-sized heart ( fig. 4) ranging from 4 to 17 mm. were observed in 4 patients. All of these had palpable thrills on physical examination.
Although half of our catheterized patients were in frank congestive failure, the calculated pulmonary vascular resistance was not markedly increased in any, with the average ratio of pulmonary to systemic resistance of 1 to 12, the highest being 1 to 7. This is in contradistinction to Burchell 's theory that the main factor causing heart failure is the effort of the right heart to maintain a high flow of blood against increasing pulmonary resistance. 9 Similarly, all 13 autopsied cases showed evidence of congestive failure, but only 4 showed severe pulmonary vascular obstruction, and 5 showed only slight changes. divided and the atrial septal defect was closed.
Our very favorable experience with open heart surgery by means of the pump oxygenator in the correction of various intracardiac anomalies suggests that this method will without question be the procedure of choice for correction of total transposition of the pulmonary veins in the future. If the common pulmonary vein trunk enters the superior vena cava, direct anastomosis to the left atrium will be possible. If the entrance of the veins is into the coronary sinus or the right atrium proper, then by means of shifting the septum, the anomalous structures may be caused to drain into the left atrium.* SUMMARY
The literature on complete transposition of the pulmonary veins is reviewed. Twenty *Since this paper was written, 1 patient with total pulmonary venous transposition into the superior vena cava has been successfully operated on with the use of the pump oxygenator. The whole connection was severed after a side-to-side anastomosis between the left atrium and the pulmonary venous connection to the superior vena cava had been made. patients studied by us are reviewed in detail. There was no correlation between the relative size of the interatrial communication and the age of death.
Frequent symptoms were easy fatigability, dyspnea, and recurrent respiratory infections. Examination commonly revealed mild cyanosis, congestive failure, and a characteristic triple or quadruple rhythm. Soft systolic and apical middiastolic murmurs were common; a medium-pitched presystolic murmur was present in one third.
Electrocardiograms demonstrated marked right ventricular hypertrophy with complete reversal of the R/S progression. Radiographic patterns usually could be correlated with the level at which the pulmonary veins emptied. Cardiac catheterization data revealed an interesting inverse relationship between right atrial pressure and systemic index.
Patients with drainage into the portal system formed a unique group. All were males, succumbed early, were more intensely cyanotic, and had marked hepatomegaly. X-rays revealed a normal-sized heart with intense pulmonary engorgement. The exact incidence of incomplete transposition of the pulmonary veins is difficult to estimate, since the anomaly may not be suspected clinically and, if the heart is dissected from the lungs in the initial stages of necropsy, anatomic diagnosis may be impossible. There have been well over 100 cases reported iii the literature; and, based on careful studies, the incidence is probably 6 to 10 per 1000 routine autopsies.4 29O 30 Of the first 37 patients with secuiiduimi-type atrial septal defects operated upon by Gross and Watkins,ii 9 had incomplete transposition of the pulmonary veins.
Emiibryology
Brow i,32 who first described the developmernt of the pulmonary circulation from part of the presplanchnic plexus, also noted the central position of the opening of the common pulmonary vein in the dorsal wall of the sinus venosus, and described the shift of the pulmonary veins to the left with formation of the atrial septum. Davies and MacConaill33 proposed that a portion of the right wall of the commoii pulmonary vein actually initiated the formation of the atrial septum, by invaginating the dorsal wall of the sinus veimosus. Anomalies of the pulmonary venous return could logically be attributed either to a failure of some of the pulmonary veins to migrate to the left of the developing atrial septumn, or to defects of septation, perhaps originating in abnormal invagination from the common pulmonary vein; it is interesting to note in this respect the frequent coexistence of atrial septal defects with anomalies of the right pulmonary veins.
Anomalies of the left pulmonary veins are rarely associated with atrial septal defects, and are presumably due to failure of those veins to connect with the common pulmnona-y vein, and subseqtuent persistence of their earlier connections with the branches of the cardinal veins.
Aniatonmic Coniside rationis
Anomalies of the right pulmonary veints are at least twice as frequent as anomalies of the left. The anomalous right pulmonary veins drain most commonly into the superior vena cava or right atrium, and are frequently associated with an atrial septal defect. Anomalies of the left pulmonary veins are more apt to occur as an isolated abnormality, and usually drain into the left superior vena cava, left iinnomuinate vein, or coronary sinus. Only 2 cases have been reported of anomalous drainage of part of both lungs. 2 The associated changes in the cardiovascular system at iiecropsy vary with the number of anomalous pulmonary veins and with the presence and size of an atrial septal defect. In brief, there is no logical basis for the assumption that incomplete transposition of the pulmonary veins is a benign condition, and the significance of the anomaly must be assessed separately in each individual.
Physiology
Incomplete transposition of the pulmonary veins usually produces a small to moderate sized left-to-right shunt when not accompanied by an atrial septal defect or other major cardiac abnormality. Right-to-left shunting on the other hand, causing arterial unsaturation, is impossible when the septa are intact, thus, placing this anomaly in a unique position in the group of left-to-right shunts.
Because of the frequent association of anomalies of pulmonary return with atrial septal defects, detailed reports of cardiac catheterization in the isolated anomaly are infrequent, and often proof is lacking that the atrial septum is intact. Jonsson8 reported 3 proved cases with intact atrial septum, and the ratios of pulmonary to systemic blood flow were 1.9, 1. Also, it should be borne in mind, that a lobe or lung with transposed veins is not necessarily functionless even though inefficient. It may exchange as much carbon dioxide and oxygen as the normally draining lung if the parenchyma is normal, since the concentrations of these gases are the same in both pulmonary arteries and in both sets of pulmonary veins. The anomalously drained lung may contribute 50 per cent or more to the total body gas exchange, which may be critical in some pulmonary diseases. In such patients, resection should be preceded by differential bronchospirometry.* *Arvidsson38 reported the results of bronchospirometry in a patient with drainage of all of the right lung into the inferior vena eava, and with apparently normal pulmonary function. The right lung, absorbed 1138 ml. oxygen per minute, the left 212 ml., although the vital capacity of the 2 lungs was 600 and 720 ml. respectively. In this case, the left-toright shunt would be only 40 per cent of the total pulmonary blood flow.
Presentation of Data
Eleven patients with incomplete transposition of the pulmonary veins have been observed by us in the past 6 years. Ten patients were studied by cardiac catheterization, and 9 of these underwent surgical repair. Four patients were autopsied; 1 of these had not been diagnosed by catheterization. Nine patients were found either at surgery or autopsy to have an associated atrial septal defect of the secundum type, and a tenth patient with a calculated pulmonary blood flow 4 times systemic is presumed to have an atrial defect.
Nine patients had anomalous drainage of 1 or more right pulmonary veins into the right atrium. Two of these patients had additional veins from the right upper and middle lobes draining into the superior vena cava. One patient had only 1 vein from the right upper lobe draining anomalously into the superior cava. In our series, there was no instance of 2 of the 3 right lobes draining anomalously, but either all the right lobes or only 1 drained anomalously. Four of 10 patients had single vein transposition, and these were all from the right upper lobe.
The 1 patient with transposition of the left pulmonary veins had only a small, patent foramen ovale; the 2 anomalous veins drained into the innominate vein and coronary sinus respectively. This patient died at 2 months of pneumonia, and had moderate dilatation and hypertrophy of the right heart. Catheterization was not performed.
The patients' ages ranged from 2 to 40 years, with an average of 15 years, which is in marked contrast to the ages of patients with complete transposition of the pulmonary veins. The sex distribution reflected the incidence in patients with atrial septal defects: 3 males and 7 females. (The patient with the isolated anomaly was a male.) History
There was no family history of heart disease from any patient, and only 1 patient's gestational history was abnormal, with maternal rubella in the first trimester. Cardiomegaly was present in all of our patients: it was slight in 4, moderate in 4, and marked in 3 patients (figs. 11 and 12). In every instance, the ventricular configuration was characteristically right-sided. Atrial enlargement was present in 9 patients, but not in the patient with intact atrial septum. The main pulmonary artery was abnormally prominent in all patients, with slight to moderate enlargement in 8 and marked enlargement in 3. Pulmonary vascular engorgement was present to a moderate degree in 8 of the 10 patients with atrial septal defects; 2 patients had marked engorgement. The patient with an intact septum had mild engorgement. "Hilar dance" was observed in 9 patients; it was not detected in the 2-month-old patient with an intact septum, nor in the youngest patient with an associated atrial septal defect.
TRANSPOS1TI(T)N OF THE PULMONARY VEINS
The aorta was judged to be smaller than average in 5 patients.
Angiocardiograms were not performed in any of our patients with incomplete transposition of the pulmonary veins.
It is interesting that the patient with an intact septum had moderate cardiomegaly, GUNTIJEROTH, NADAS, AND GROSS drainage. In the 2 with superior vena cava drainage, only the atrial septal defect was repaired. There were 2 deaths: 1 secondary to infarction of the right atrial wall including the pacemaker, and 1 in whom a plastic button was used in the early stages of developing operative approaches for repair of atrial septal defects. The results obtained in the surviving patients are considered excellent. SUMMARY The seriousness of incomplete transposition of the pulmonary veins has probably been underestimated in the past.
Data on 11 patients is presented, including 10 with associated atrial septal defects. Common symptoms were dyspnea, fatigability, and frequent respiratory infections. Examination revealed no cyanosis, widely split second sound, soft systolic murmur and middiastolic murmur at the apex. One third demonstrated a presystolic murmur of medium pitch. The electrocardiographic and radiographic features were characteristic of atrial septal defects. There were no specific vascular shadows in any of our patients. Catheterization data were also characteristic of atrial septal defects. There was an inverse relationship between the right atrial pressure and systemic index. Anomalous pulmonary veins were entered during the right heart catheterization in 6 of the 10 patients catheterized.
Seven patients have had atrioseptopexy to close the septal defect and to direct the blood from the anomalously draining veins into the newly enlarged left atrium. An eighth patient had repair and shift of the atrial septum by means of open heart surgery through a pump oxygenator. This approach will probably prove optimal for future operations.
